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Abstract-The mechanisms of helicopter flight create a unique, 
high-vibration environment which can play havoc with the 
accurate operation of on-hoard sensors. Vibration isolation of 
electronic sensors fmm structural home oscillations is paramount 
to their reliable and accurate use. Eflective isolation is achieved 
by malising a trade-ofl between the properties of the suspended 
iustrnment package, and the isolation mechanism. This is made 
more difficult as the weight and size of the sensors and computing 
hardware decreases wlth advances in technology. This paper 
presents a history of the design, challenges, constraints and 
construction of an integrated isolated vision and sensor platform 
and landing gear for Ihe CSIRO autonomous X-Cell helicopter. 
The results of isolation performance and in-flight tests of the 
platform in autonomous flight are presented. 
I .  INTRODUCTION 
Vibration isolation of electronic sensors from structural 
borne oscillations is paramount to their reliable and accu- 
rate use, especially in autonomous helicopters. In order to 
achieve effective vibration isolation, it is necessary to  realise a 
compromise between the physical and required environmental 
properties of the suspended instrument package. and the avail- 
able isolation mechanism (springs and dampers). However, 
with advances in technology and miniaturisation, the size and 
weight of the sensor suite decreases making it more difficult 
to achieve the required isolation performance using commonly 
available materials. 
The mechanisms of helicopter flight create a unique, high- 
vibration environment which can play havoc with the accurate 
operation of on-board sensors. The high-amplitude, multi- 
modal spectrum vibrations originate from the engine, rotor- 
blades and other rotating couplings. These vibrations are ca- 
pable of exciting motion in all directions and are nearly all but 
impossible to eliminate without great expense and/or massive 
redesign of the entire helicopter. Therefore, the most practical 
solution is to isolate the sensors and computer hardware from 
these vibrations. This provided an interesting challenge with a 
compromise between the allowable acceleration transmission 
to the sensor package, size and weight limitations, available 
materials, and the ability to predict primary helicopter motion 
without significant phase delays. 
The question can be asked whether a dedicated vibration 
isolation system is required, or can appropriate analog and 
digital filters be used to condition the sensor outputs for 
processing. Often in scale helicopter applications, harsh post 
filtering is required. This can introduce significant phase lag 
which can undesirably reduce the control bandwidth of the 
helicopter. 
Other organisations researching, autonomous helicopter 
flight address the issue of vibration isolation in different ways. 
Larger platforms typically using the Yamaha helicopter such as 
CMU [I] and Georgia Tech [2], [3], use an underslung avionics 
pod or nose mounted sensors with stiffer isolators than those 
used on the smaller scale aircraft. MIT [41, USC [51 and 
CSIRO 161 all use the smaller X-Cell60 size helicopters which 
exhibit generally higher levels of vibration. These aircraft 
have underslung avionics pods with softer rubber andor  foam 
isolators. However, all these isolation systems have typically 
been designed using trial and error. 
Sections U, IU and N outline the development history, 
operational environment and design philosophy for the iso- 
lated sensor and computing platform respectively. Section VI 
presents the results of modal' characterisation and in-flight 
tests. 
11. EVOLUTION OF THE CSIRO AUTONOMOUS 
HELICOPTER 
Due to the size of scale helicopters, the only viable place to 
locate the main control computer, inertial sensors and cameras 
is beneath the helicopter fuselage. This restriction implied that 
as well as designing an avionics enclosure (pod), a new set of 
landing-gear would also have to be designed to accommodate 
the instrument pod. 
A. The First Pod 
The original pod was made out of a standard diameter 
(150mm) PVC drain-pipe which was lightened by reducing 
the wall thickness and removing unnecessary material. The 
PC1104 computing platform is assembled as a stack with end- 
caps attached as shown in Figure ](a). The computer and 
sensor hardware assembly is fitted neatly within the PVC pipe. 
The pod was covered with a layer of brass shim to prevent 
unwanted RF generated by the computer from interfering with 
the radio-control receiver and provide a thin environmental 
seal. 
The first landing gear design was a polehall landing gear 
common in the hobby helicopter community for beginner 
pilots. The pod was suspended from the helicopter via two 
lengths of bungee (suspension) cord as shown in Figure I(b). 
This design was discarded as it was found to be structurally 
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(a) Landing gear 
(a) Original pod and computer staek. 
(b) Original landing gear. 
fig. 1. The original pod and landing gear design. 
weak and the landing poles oscillated considerably due to 
aerodynamic instabilities. 
B. ‘Praying Mantis’ Pod & Landing Gear 
The so-called ‘praying mantis’ landing gear was the second 
design to be tested. This design had four aluminium legs 
attached directly to the helicopter baseplate. Figure 2(a) shows 
our original Ergo helicopter platform with the praying mantis 
landing gear. The poles and balls from the first design were 
attached to the ends of the aluminium legs. This landing 
gear performed well and was particularly good during heavy 
landings. 
The original pod system was unacceptably heavy resulting 
in poor control margins with the Ergo helicopter struggling 
to fly on some days (with changes in atmospheric conditions 
affecting lift). Therefore, a new pod was constructed from 
carbon fibre, which is lighter and stronger than PVC with 
inherent RF  shielding capability. However, the main weight 
saving come from upgrading the computer stack with newer 
and fewer boards. Figure 2(b) shows the updated computer 
stack and c a r b a  fibre tube pod. 
This system performed well, but was fragile and difficult to 
maintain. 
C. Early Pod Isolarion 
The original version ,of pod isolation consisted of sus- 
pending the pod from the helicopter baseplate using thin 
bungee cords. The use of a Flash disk drive meant that 
vibration isolation between the pod and helicopter was no 
longer necessary. 
(b) Carbon fibre pod 
Fig. 2. The ‘playing mantis’ landing gear and pod 
The combination of the praying mantis landing gear, flash 
disk drive and strapped-up pod provided an acceptable plat- 
form for early research. Although there were some prob- 
lems with image blur due to vibration, we were able to 
develop height from stereo vision sensing and some early non- 
conventional control strategies using this combination [&8]. 
When attempting autonomous flight, inertial sensors were 
used to determine the motion states of the helicopter. As these 
devices do not perform well in high-vibration environments, 
preliminary attempts were made at vibration isolation of these 
sensors from structural borne vibrations. Figure 3(a) shows the 
initial attempt at vibration isolation of the Crossbow Inertial 
Measurement Unit (IMU). Here the IMU was inserted into a 
cocoon of soft foam and placed inside the pod. 
The performance of this isolation system was reasonable, 
but not ideal. A significant problem with foam is the large 
variability in properties in terms of “softness”, compressibility, 
creep and frequency response. The rubber suspension system 
was effective at isolating the forward (5) acceleration, but very 
stiff in other directions and rotations. The higher stiffness 
corrupted the remaining IMU signals with high-level noise, 
often clipping the accelerometer signals reducing the accuracy 
of the device. This was observed when using the Crossbow 
IMU with roll and pitch estimates diverging during flight tests. 
As a first attempt at improving vibration isolation of the 
IMU, simple calculations were performed to determine the 
required isolator resonance when the isolator is constructed 
of simply supported vertical springs. The goal was to reduce 
the transmitted vibration from the helicopter engine and rotor 
blades to the IMU. Due to the relatively low mass of the 
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(a) Foam cowan far Crossbow M U  
(b) Initial sping isolation system fn 
EiMU 
Fig. 3. Early atrempts a1 ribmion isolation ne Ergo helicoprer. 
Crossbow IMU (0.5 kg) and the blade frequency of the Ergo 
(27 Hz), the resonant frequency required to achieve a blade 
frequency Transmission Ratio (TR) of 0.10 was 8.2 Hz. 
This frequency was further reduced with the introduction of 
a CSRO developed IMU called the EiMU [6] which only 
weighs 80 grams. To achieve this resonant frequency, very low 
stiffness springs are required. However, softer springs result in 
larger travel of the suspended object which can collide with 
the mechanical stops. Figure 3(b) shows the spring suspension 
system with the EiMU. 
This system performed well, however, visual state estima- 
tion requires the camera and IMU to have the same motion. 
In this configuration the EiMU is isolated from the helicopter 
and the rest of the pod, and hence there was no correlation 
between the camera motion which was referenced to the pod 
and that measured by the EiMU. Also, the high pod vibration 
often caused the camera image to jitter making typical image 
processing techniques unusable. Therefore, it was deemed 
necessary to completely redesign the pod and IMU isolation 
system to progress helicopter autonomous flight to the next 
stage. 
111. ENVIRONMENTAL & PERFORMANCE ISSUES 
Helicopter Right produces a unique and challenging envi- 
ronment in which all systems must operate correctly. Vibration 
sources can be mechanical, aerodynamic and from normal 
flight motion with broad amplitude and frequency spectrum. 
Adverse effects of vibration on the autonomous helicopter 
platform include: 
Fatigue of computer components and connectom. 
I pod, vibration isolation s k t e r n  I - 1  
and landing gear I 
Desired mntml bandwidih I 5 HZ 
Allowable vibration uansmir- 1 10-2090 
rim ratio I 
Key frequencies to reject: I Frequency (Hz) . Main rotor speed 
Tail mtor speed 
Camera base line 300 nun (nlinimum) 
TABLE I 
PERFORMANCE LIMITATIONS AND DESIGN CONSIDERATIONS 
Divergence of roll and pitch from the Inertial Measure- 
ment Unit (MU) due to excessive acceleration and noise. . Camera vision is blurred due to excessive vibration. 
Heavy filtering of sensor signals required on roll and pitch 
estimates resulting in significant phase lags and reduced 
control bandwidth. 
Based on performance requirements for control and me- 
chanical limitations of the X-Cell helicopter, a set of key 
design parameters were developed as shown in Table 1. 
Other issues considered important in the design for correct 
operation of the computer hardware are: . RF interference from computer hardware. 
Internal pod temperature (must not exceed 8OOC). 
Survivability of instrumentation in emergency landing. 
Rapid removability of computer hardware for mainte- 
nance and replacement. 
IV. PRELIMINARY DESIGN CONSIDERATIONS 
The purpose of the instrument pod redesign was to improve 
the vision and inertial sensor measurements to  achieve reliable 
autonomous helicopter flight. This is to be performed by 
rigidly connecting the cameras and IMU, but isolating them 
from the helicopter. Therefore, adequate vibration isolation 
must be provided to enable accurate use of the sensors. Effec- 
tive isolation is achieved by realising a balance between the 
design of the suspended instrument package and the isolation 
mechanism. 
A. Force Transmission Rurio 
A measure of the amount of vibration force which is 
transferred to the instrument pod is the Transmission Ratio 
(TR), which for a simple undamped mass-spring system is 
given by 
T R = l  1 I 
(1-5) 
where w and un are the driving and natural frequencies 
respectively. 
When damping is present, as is the case in all real systems, 
the Transmission Ratio equation above c& be rewritten as 
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where C is the damping ratio of the mass-spring-damper 
system. 
The lowest drive frequency of concern for the X-Cell 
helicopter shown in Table I is due to main rotor rotation at 
25Hz (1500 rpm). According to ( I ) .  to achieve a maximum 
transmission ratio of IO-20% requires that the undamped 
natural frequency of the suspended mass be between 7.5 and 
10.2 Hz. 
The vertical static deflection of the isolator springs under 
gravity loading is determined by 
A = %  
U” 
where A and g are the static displacement and acceleration 
due to gravity respectively. 
Therefore, based on .the above requirements for isolator 
natural frequency,the static deflection of the suspended mass 
will be 2.4 to 4.4 mm. Physically, this is a very soft system 
and results in the suspended mass “bouncing” on the springs 
at its natural frequency when disturbed with the possibility of 
bottoming out on the mechanical limits. Additionally, springs 
of this stiffness range are not common. 
This “bouncing” is undesirable as the inertial and vision 
systems sense this “bouncing” as false motion of the aircraft. 
Therefore, it is necessary to damp out the natural motion of 
the suspended mass on the isolation system. 
Adding damping material to reduce natural motion has a 
detrimental effect in this case. Due to the lightness of the 
springs required to give the required isolation characteristics, 
any form of damping material actually acts as another spring, 
adding to the total stiffness of the system. This reduces 
the performance of the isolation system, moving the natural 
frequency closer to the drive frequency. In an extreme case, the 
two frequencies can coincide resulting in destructive resonance 
of the system. 
In order to understand the required damping for the sys- 
tem, standard techniques for vibration isolation analysis are 
employed. In this case, the damped form of TR given by (2)  
was used to determine the Transmission Ratio with different 
values of damping ratio as shown in Figure 4. 
As seen in Figure 4, as the damping ratio increases, the 
resonant TR peak is reduced greatly. However, since isolation 
systems are only effective when w/w, > fi (below this 
TR 2 l), as the damping ratio increases, the ratio w/w, must 
be increased to achieve a specific TR. Figure 5 shows the 
dependency of the damping ratio on frequency ratio through 
a series of contours of fixed TR. 
As the drive frequency w is a fixed quantity, this would 
require that the natural frequency of the isolation system be 
reduced even further to achieve the required TR. Therefore, 
considering all the issues presented-above and the available 
Fig. 4. Transmined force ratio (TR) vs fRquency ratio for different damping 
values. 
--w 
Fig. 5. Contours of damping ratio vs frequency ratio for ked d u e s  of TR.  
spring stiffnesses, the desired isolator performance specifica- 
tions were set at . T R  = IO - 20% 
w, = 6.8 - 9.7 Hz . C = 0.1 
B. Multi-modal Modelling of Isolation System 
The simplified analysis presented above only considers a 
single mode of vibration at a time. In the proposed isolation 
system, the instrument pod can exhibit both translations and 
rotations as complex mode shapes depending on the arrange- 
ment of the isolation springs. It is therefore necessary to ensure 
that the natural frequencies for all modes of vibration are 
below that required for achieving the desired TR. 
A 3D model of the suspended isolator system was developed 
with four attachment points located on the body as shown in 
Figure 6.  Each attachment point consists of  three linear springs 
each aligned with the primary axis of the isolated body. The 
location and stiffness of these attachment points and springs 
can be varied in all directions. 
Fig. 6. 
vibration isolated. 
Spring location paramerers and mrdinate system on mass to be 
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I Mode # I Mode description I Frequency (Hz) I 
Pitch & x-translation 
Roll & y-translation 5.9 
Pitch & x-translaion 7.9 
Yaw 8.0 
TABLE U 
PRELIMINARY RESULTS OF MODAL PARAMETERS FROM MODELLING 
INSTRUMENT POD ISOLATION SYSTEM. 
Based on the model shown in Figure 6, the coupled (un- 
damped) equations of motion were determined for each degree 
of freedom x, y. 2, 4, 0, $ (where 4, 0 and $ are the roll, 
pitch and yaw of the pod respectively). Using preliminary 
values of the instrument pod mass and dimensions, and values 
for suitable spring stiffnesses based on the original Ergo 
helicopter, the equations of motion were analytically derived 
and processed numerically using Matlab with the eigenvalues 
and vectors calculated. The results of this analysis are shown 
in Table II. 
The predicted modal frequencies shown in Table U are all 
below 8 Hz. In the undamped system this would result in 
Transmission Ratios less than 12% for the primary rotor blade 
frequency of 25 Hz . This arrangement and stiffnesses of the 
isolator springs were used as the basis of the detailed structural 
design described in the following section. 
V. DETAILED STRUCTURAL DESIGN 
C. Concept to Construction 
I )  Sliding Instrument Tray: The design of the instrument 
tray required the location of all hardwardinstrumentation com- 
ponents listed in Section V-A to achieve a low, but centrally 
located center of gravity of the suspended mass. The tray 
concept enables all the hardware to be removed from the 
instrument pod without the need to disconnect any wires. 
The survivability of computer and sensor hardware was 
improved by replacing all horizontal hardware attachments 
with Nylon bolts. These will shear on hard impact, therefore 
dissipating some of the energy. The isolation springs and 
dampers also provide some relief in an emergency landing. 
The cameras.peer through holes in the outer pod to avoid 
ground striking and also provide inlets for ventilation and 
cooling of the computer stack. 
The final internal layout of the components is shown in 
concept form in Figure 7. Note the EiMU was located as close 
as possible to the centroid of the instrument tray to reduce the 
effects of natural pod vibration on inertial measurements. 
Fig. 1. Acfual sliding my assembly showing sensor and computer suite. A. Required Instrumentation 
2)  Outer Pod: The pod was designed to be as compact and 
light as possible in order to meet the specifications outlined in 
Section V-A. To satisfy the requirement for RF shielding, the 
pod and end-cap (which is attached to the sliding tray) were 
Figure 8 shows the operation of the sliding tray into the 
The minimum equipment for sensing and control of the 
helicopter, which must be isolated within the instrument pod 
was identified as an EiMU with onboard dGPS, cameras (two 
downward and one forward looking), computer stack (PCl104 
stack consisting of six cards) and a radio LAN card with 
antennae. 
tions included: 
made from Carbon Fibre Reinforced Composite 
carbon fibre pod. Also visible is  the carbon fibre end-cap. In addition to the required instrumentation, other specifica- 
1 )  Mounting for either Ergo or X-Cell helicopters. 
2) Cameras protected from ground strike. 
3) Rigid attachment of IMU to cameras. 
4) Ventilation and cooling facilities. 
5 )  RF shielding. 
6) Easy removal of hardwarelinstrumentation from 
B. Design Philosophy 
The oveniding philosophy in terms of mechanical 
pod. 
design 
. . ,  , - *  .. . .  I. , . . _ _  . _ .  . . ,:_ -:a-
Fig. 8. Carbon fibre outer pod and sliding my. 
Landing Gear: the key issues for the design of 
the landing gear are the location of attachment points to 
the helicopter and the pod isolation springs. Therefore. the 
remainder of the landing gear was designed around these 
was that the entire vibration isolation system must be light, 
strong, compact, modular and expandable. Therefore, consid- 
eration must be given to the following three key components 
of mechanical design: 
I )  Sliding instrumentation tray. 
2) Outer pod. 
3) Landing Gear. points. 
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(b) Pitch. 
Fig. 11. Power specoa of roll and pitch for a rigid and isolated instmment 
P d .  
It can be seen that in general there is a reduction in 
transmitted vibration to the instrument pod, most noticeably 
around the blade frequency of 25Hz. However, the pitch power 
spectrum shows increase transmitted vibration around 10- 
15Hz believed due to the increased pitch motion during testing. 
In addition to the roll and pitch response, it is desired 
to reduce the transmitted acceleration to the instrument pod. 
Figure 12 shows the power spectrum of the z-acceleration 
measured during the in-flight tests. It can be seen that the 
transmitted acceleration, is greatly reduced with the isolation 
system compared to a rigid system. 
VII. CONCLUSIONS 
Careful analysis, design and construction of the control 
hardware vibration isolation system and landing gear bas 
proven effective in reducing the amount of transmitted be- 
licopter structural vibration to the instrument pod as demon- 
strated by in-flight tests. 
The limited availability of suitable spring and damping 
materials introduced the greatest compromise in the overall 
design of the isolation system. In order to achieve the desired 
Transmission Ratio of <20%, specific components from scaled 
radio-controlled cars were required with an aspect of trial 
Fig. 12. 
isolation systems. 
Power specmm of r-acceleration fw both undamped and damped 
and error to select appropriate material configurations. The 
overall vibration isolation system consists of four low stiffness 
springs, two small viscous dampers and four rings of soft 
foam. 
Despite all the challenges faced during the design of the 
system, the design was found experimentatly to meet all set 
hardware and performancc requirement, and enable successful 
long duration autonomous hover in May 2003. 
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